Transglutaminases (TGs) are a family of enzymes that catalyze Ca 2þ -dependent post-translational modification of proteins by introducing protein-protein crosslinks (between specific glutamine and lysine residues), amine incorporation, and site-specific deamidation. In this study, new amine acceptor protein substrates of TG were isolated from rat liver extract and identified using 5-(biotinamido) pentylamine, a biotinylated primary amine substrate, as a probe. TG protein substrate candidates labeled with biotin by endogenous TG activity were isolated and recovered by avidin column chromatography. Proteins with molecular masses of 40, 42, and 45 kDa were the main components of the labeled proteins. Determination of their partial amino acid sequences and immunoblotting analyses were done to identify them. The 45-kDa protein was identical with betaine-homocysteine S-methyltransferase (EC 2.2.2.5), which was identified in our previous study. The 40-and 42-kDa proteins were identified as arginase-I (EC 3.5.3.1) and fructose-1,6-bisphosphatase (EC 3.1.3.11) respectively. TG catalyzed incorporation of 5-(biotinamido) pentylamine into both arginase-I and fructose-1,6-bisphosphatase purified from rat liver was confirmed in vitro. These results suggest that these two enzymes are the new protein substrate candidates of TG and that they can be modified post-translationally by cellular TG.
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Key words: transglutaminase; transglutaminase protein substrate; biotin-labeled amine; arginase-I; fructose-1,6-bisphosphatase Transglutaminases (TGs; EC 2.3.2.13) constitute a family of enzymes that catalyze the post-translational modification of proteins. Their calcium-dependent catalytic activity is exhibited toward the -carboxamide group of peptide-bound glutamine residues and the primary amino group of protein-bound lysine and free amines, resulting in protein/protein cross-links and protein/amine conjugates respectively. In the absence of amine substrates, reactive glutamine residues are deamidated into glutamic acid residues. In humans, nine TG members have been found so far. 1) Eight of them are structurally and functionally tightly related with the TG's functions, namely the TG1-7 and Factor XIII. An additional one, known as band 4.2, is highly homologous to the others but lacks the catalytic site, and hence is considered structurally but not functionally related to the others.
2) The nine members of this family are widely but differently expressed in cell compartments and tissues. Several TG members are involved in diverse biological functions, such as blood coagulation, wound healing, cell envelope formation in keratinocyte differentiation, apoptosis, cell differentiation, cell adhesion, and the stiffening of the erythrocyte membrane. [2] [3] [4] [5] Basically, the function of an enzyme is to catalyze the reaction which modifies a specific substrate to obtain a product, but the members of TG family appear to catalyze several different reactions, such as transamidation 2, 5, 6) including deamidation, 7, 8) serotonylation, 9) and pegylation, 10) GTP-binding/hydrolyzation, [11] [12] [13] protein disulfide isomerization, [14] [15] [16] and kination. 17) Most of these catalytic functions are manifested by TG2 (tissuetype). Hence, it is not surprising that TG2 is the most extensively studied of the TG family members. The various physiological functions assigned to TG2 are not due only to its catalytic multifunctionality, but should also be based on the diversity of the protein substrates of the transamidating reaction. Hence we have tried to identify the physiological protein substrates of TG2 in order to understand the physiological roles of TG2 at the molecular level.
Our previous studies using a 5-(biotinamido) pentylamine as a TG-directed labeling probe for the protein substrate indicated that glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glutathione S-transferase (GST), and betaine-homocysteine S-methyltransferase (BHMT) were TG protein substrate candidates. 18, 19) In this paper, we describe the identification of new TG protein substrate candidates in rat liver extract using the same labeling method and intra-molecular amino acid sequence analysis.
Materials and Methods
Reagents. Guinea pig liver transglutaminase (GPL-TG) was purified on an immunoadsorbent column using a monoclonal antibody, as described previously. 20) 5-(biotinamido) pentylamine and immobilized monomeric avidin were obtained from Pierce Biotechnology (Rockford). Nitrocellulose membrane and streptavidin-horseradish peroxidase conjugate (SA-HRP) were from Bio-Rad Laboratories (Hercules). PVDF membrane was from Applied Biosystems (Foster City). 4-amidinophenylmethanesulfonyl fluoride (APMSF), skim milk powder and Tween 20 were from Wako Pure Chemical Industries (Osaka, Japan). Anti-arginase-I (AI) polyclonal goat antibody and anti-fructose-1,6-bisphosphatase (FBPase) polyclonal goat antibody were from Santa Cruz Biotechnology (Santa Cruz). Anti-BHMT monoclonal mouse antibody was prepared in our laboratory by the hybridoma method. Anti-goat Ig's horseradish peroxidase (HRP) conjugate and anti-mouse Ig's HRP conjugate were obtained from BioSourse International (Camarillo). The ECL-Western blotting detection system was from GE Healthcare UK (Buckinghamshire, UK).
Preparation of rat liver extract. Rat liver extract was prepared from male Wister rats (250-300 g), as described previously. 18) In brief, a liver excised from a rat was washed and deblooded quickly in ice-cold 0.9% NaCl and then cut into small pieces with scissors. The pieces of liver were made into 40% homogenate using a motordriven Teflon homogenizer in a buffer (20 mM Tris-HCl, pH 7.5, containing 0.25 M sucrose, 1 mM EDTA, 0.4 mM dithiothreitol (DTT), 0.1 mM APMSF, and 0.1 mM leupeptine). The homogenate was centrifuged at 100,000 g for 1 h. The supernatant was used as the liver extract.
TG assay. TG activity in the rat liver extract was measured by the colorimetric method 21) using N-carbobenzoxy-L-glutaminylglycine and hydroxylamine as substrates, with some modifications: 0.15 M Tris-HCl buffer, pH 7.5, was used instead of 0.2 M Tris-acetate buffer, pH 6.0, and 8 mM DTT was added. One unit of TG activity was defined as the amount of activity that catalyzes the formation of 1 micromole of peptide bound -glutamyl hydroxamate per min.
TG-mediated biotin labeling. The liver extract (4 ml) was incubated for 1 h at 37 C with 5 mM 5-(biotinamido) pentylamine, 5 mM CaCl 2 , and 10 mM DTT in a total volume of 6.4 ml. The reaction was terminated by the addition of 0.64 ml of 0.4 M EDTA. For the negative control reaction, 5 mM CaCl 2 was replaced with 10 mM EDTA.
Avidin-affinity column chromatography. Biotinylated proteins were isolated and recovered using a column of immobilized monomeric avidin. 22) The terminated labeling-reaction mixture was dialyzed against buffer A (0.1 M Na-phosphate buffer, pH 7.2, containing 0.15 M NaCl), and centrifuged at 100,000 g for 1 h to remove insoluble materials. The supernatant was loaded onto an affinity column containing immobilized monomeric avidin (1:1 Â 2:2 cm) which had been equilibrated with buffer A. Run-through fractions were collected and reloaded. The loaded column was washed with buffer A until all unbound proteins were washed out, and then the adsorbed biotinylated proteins were eluted from the column with buffer A containing 2 mM biotin. The eluted protein fractions were pooled, dialyzed against 10 mM Tris-HCl, pH 7.5, and concentrated appropriately for analysis by SDS-PAGE.
SDS-PAGE and Western blotting. SDS-PAGE was carried out according to the method of Laemmli.
23)
Protein samples were denatured in a Laemmli sample buffer for 5 min at 100 C. Electrophoresis was performed on 11% polyacrylamide gels. After separation, the proteins in the gels were stained with Coomassie brilliant blue R-250 in a staining solution (50% methanol, 10% acetic acid, and 0.1% Coomassie brilliant blue R-250) for 1 h at room temperature, followed by destaining with a destaining solution (25% methanol and 7% acetic acid). Western blotting was carried out according to the method of Burnette. 24) The biotinylated proteins separated in the SDS-PAGE gels were transferred electrophoretically to a 0.45-mm nitrocellulose membrane. The membrane was rinsed with phosphate buffered saline (PBS; 10 mM Na-phosphate, pH 7.2, 0.15 M NaCl) containing 0.05% Tween 20 (PBS-T), and immersed in a blocking solution (PBS-T containing 5% skim milk) for 2 h. To detect biotinylated proteins with SA-HRP, the membrane was dipped into PBS-T containing 1.0 mg/ml SA-HRP for 1 h. After rinsing with PBS-T, the biotinylated proteins were detected by the ECL-Western blotting detecting system. For detection of substrate proteins with specific antibodies, the membrane was dipped into PBS-T containing 0.5% skim milk and an appropriate antibody (anti-BHMT, anti-AI, or antiFBPase) for 2 h at room temperature. After rinsing with PBS-T, the membrane was dipped into PBS-T containing 0.5% skim milk and horseradish peroxidase conjugated secondary antibody (anti-mouse Ig's-HRP or anti-goat Ig's-HRP) for 2 h. After rinsing with PBS-T, the immunoreactive proteins were detected by the ECLWestern blotting detecting system. Protein sequence analysis. For amino-terminal amino acid sequence analysis, the biotinylated proteins in the band-slips excised from the SDS-PAGE gel were extracted with SDS buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, and 10% glycerol), blotted onto a ProBlott Ò PVDF membrane with a ProSorb Ò cartridge (Applied Biosystems), and subjected to a Procise Ò Model 492 protein sequencer (Applied Biosystems).
Cleavage at acid-labile Asp-Pro bonds in gels. The sample proteins could not be sequenced by the protein sequencer, probably due to amino-terminal blocking, and so the slips of SDS-PAGE gel containing the biotinylated proteins were incubated for 16 h at 60 C in an acidic destaining solution (25% methanol and 7% acetic acid) to cause mild hydrolytic cleavage in the polypeptide chain at acid-labile Asp-Pro bonds. 25) Following incubation, the cleaved polypeptides in the gel slips were extracted and sequenced in the way described above.
Amino acid sequence homology search. A sequence homology search was done using searching server BLAST of the National Center for Biotechnology Information (NCBI), USA.
Purification of rat liver AI and FBPase. Rat liver AI was purified following Schimke.
26) Rat liver FBPase was purified following Sawada.
27)
Amine incorporation by TG. The reaction mixture for incorporation of 5-(biotinamido) pentylamine into AI and FBPase contained 40 mM Tris-HCl, pH 7.5, 60 mg/ml of purified rat liver AI or FBPase, 5 mM 5-(biotinamido) pentylamine, 5 mM CaCl 2 , 10 mM DTT, and 0.2 mg/ml of GPL-TG. The reaction was started by the addition of GPL-TG at 37 C, and terminated by the addition of 1/10 volume of 0.4 M EDTA. Proteins in the terminated reaction mixture were separated by SDS-PAGE and transferred electrophoretically onto a nitrocellulose membrane. The biotinylated proteins were detected with SA-HRP as a probe.
Results

TG activity in the liver extract and biotinylation of proteins
Prior to the biotin-labeling experiments, TG activity in the rat liver extract was assayed and determined to be 4:1 Â 10 À4 unit/mg of protein. This activity was inhibited completely by the addition of 10 mM EDTA. Biotinylation of the amine acceptor protein substrates by endogenous TG activity was carried out by incubating the liver extract with 5-(biotinamido) pentylamine under the conditions described above. A negative control reaction was done in the presence of 10 mM EDTA instead of CaCl 2 .
Isolation and recovery of biotinylated proteins
To isolate and recover the biotinylated proteins from the terminated labeling-reaction mixture, affinity chromatography was carried out with a column containing immobilized monomeric avidin. The elution profile from the avidin-affinity column is shown in Fig. 1 . After washing out the non-biotinylated proteins, a small amount of proteins (1.5% of the total applied proteins) to be biotinylated was eluted from the column with elution buffer containing 2 mM biotin. When the negative control sample was applied to the avidin-affinity column, no fractions containing proteins were eluted (data not shown), indicating that the proteins in the eluted fractions were biotinylated by the endogenous TG activity.
SDS-PAGE of biotinylated proteins
On SDS-PAGE analysis, the biotinylated proteins eluted from the avidin-affinity column showed bands of different sizes (Fig. 2, lane 3) . Three proteins, of 40, 42, and 45 kDa, were found to be the main components of the labeled proteins (Fig. 2, lane 3) . A minor protein band of 32 kDa was also detected in the SDS-PAGE gel. To confirm that the proteins eluted from the avidinaffinity column with the buffer containing 2 mM biotin were biotinylated, the eluted proteins were subjected to Western blotting analysis using SA-HRP conjugate as a detection probe. The bands detected by SA-HRP matched the CBB-stained protein bands in the SDS-PAGE gel (Fig. 2, lanes 3 and 5) . The proteins from the negative control reaction mixture did not show any stained bands in the blotting analyses (Fig. 2, lane 4) . These results indicate that the proteins eluted from the avidin-affinity column were biotinylated by the TG reactions. When the exposure time was lengthened to enhance the detection sensitivity, minor protein bands with various molecular masses were detected by SA-HRP (data not shown), but these bands were excluded from further analysis because the amounts were not sufficient for amino-terminal amino acid sequencing analysis.
Identification of biotinylated proteins from amino acid sequences and immunoblotting
To identify the proteins biotinylated by endogenous TG activity in the rat liver extract, the amino terminal amino acid sequences of these proteins were analyzed. Three major biotinylated proteins (40, 42, and 45 kDa) found in the SDS-PAGE gel (Fig. 2, lane 3) were extracted and blotted onto a PVDF membrane, and then sequenced using a protein sequencer. The aminoterminal sequence of 16 amino acid residues (APIAGK-KAKRGILERL) of the 45-kDa protein was determined. This protein was identical with the 44-kDa protein (BHMT) identified as a substrate candidate of liver TG in previous studies. 18, 19) The 40-and 42-kDa proteins could not be sequenced by the protein sequencer, probably due to amino-terminal blocking. Hence SDS-PAGE gel slips containing these proteins were treated under conditions causing specific cleavage at acid-labile Asp-Pro bonds, and subjected to amino-terminal sequence analysis. Two proteins that underwent the acidic treatment were sequenced at up to 10 amino acid residues ( Table 1 ). The sequence data obtained from the 40-kDa protein corresponded to the sequence of a mixture of two peptides derived from rat liver AI, 28) while the data from the 42-kDa protein corresponded to the sequence of a mixture of three peptides derived from rat liver FBPase. 29) All the detected peptide sequences began from the proline residue following the aspartic acid residue in their original proteins, indicating that these peptides were produced by specific cleavage at the acid-labile Asp-Pro bonds. These results indicate that the 40-kDa and 42-kDa proteins were AI and FBPase respectively. To confirm these identifications, Western blotting analysis using specific antibodies as a detecting probe was carried out. As Fig. 3 shows the biotinylated 40-, 42-, and 45-kDa proteins were detected by anti-AI, anti-FBPase, and anti-BHMT antibodies respectively. These results support the identification by amino acid sequence analysis. In addition, the 32-kDa protein band detected in the biotinylated proteins eluted with 2 mM biotin was detected with anti-AI antibody, suggesting that the 32-kDa protein was a degraded product of the 40-kDa AI protein (Fig. 3, lane 3 ).
Amine incorporation into purified rat liver AI and FBPase by GPL-TG AI and FBPase purified from rat liver were tested for their availability as amine acceptor protein substrates of liver TG. GPL-TG, a typical tissue-type TG, incorporated 5-(biotinamido) pentylamine into these enzyme proteins in a time-dependent manner (Fig. 4) . These results indicate that AI and FBPase are possible protein substrates of tissue-type TG. Proteins in the rat liver extract were labeled with 5-(biotinamido) pentylamine by endogenous TG activity. The terminated labeling-reaction mixture was dialyzed and centrifuged to remove insoluble materials, and applied to an avidin-affinity column (1:1 Â 2:2 cm) at a flow rate of 1 ml/min. The column was washed with buffer A (0.1 M Na-phosphate buffer, pH 7.2, containing 0.15 M NaCl) and eluted with buffer A containing 2 mM biotin, at a flow rate of 1 ml/min. The arrow indicates the point where the buffer was switched from buffer A to buffer A containing 2 mM biotin. The horizontal line indicates the fractions pooled after elution. 
-
Discussion
In this study, three proteins (of 40, 42, and 45 kDa) were found to be protein substrates of rat liver TG. The 45-kDa protein was BHMT and was identical with 44-kDa proteins that have been reported as the protein substrate candidates found commonly in mouse, rat, and guinea pig liver extracts. 18, 19) The difference in molecular mass found here was probably due to the limited accuracy of the mass estimation on SDS-PAGE analysis. The 40-kDa protein identified here as AI had been found to be a protein substrate candidate of TG in mouse and guinea pig liver extracts in a previous study, but it was not identified due to unsuccessful amino-terminal sequencing.
18) The 42-kDa protein identified as FBPase was a new protein substrate candidate that was not found in previous experiments using the same search procedure. A precise description of the reasons for the discrepancy in these results is difficult. Differences in the nutritional conditions of the experimental animals might affect the reactivity of the TG substrate of FBPase, a gluconeogenesis enzyme.
To our knowledge, this is the first report indicating that AI and FBPase are possible amine acceptor protein substrates of liver TG (TG2). AI catalyzes, in the cytosol of hepatocytes, the last step of urea cycle, the hydrolysis of arginine to urea and ornithine. Regulation of the urea cycle is done primarily by carbamoyl phosphate synthethase, a mitochondrial enzyme that catalyzes the first committed step of the urea cycle and is allosterically activated by N-acetylglutamate. An inherited deficiency of AI causes hyperammonia. On the other hand, FBPase is an important regulatory enzyme in liver gluconeogenesis, which catalyzes the conversion of fructose-1,6-bisphosphate to fructose 6-phosphate and is allosterically inhibited by fructose-2,6-bisphosphate. At present, it is not known whether TG is involved in the functional regulation of AI and FBPase through their post-translational modifications in the liver. Since polyamines serve as good amine substrates, TG might modulate the functions of AI and FBPase by catalyzing the incorporation of polyamines into these enzymes, as has been suggested for other proteins. [30] [31] [32] [33] AI, FBPase, BHMT, GAPDH, and GST, which were identified as TG protein substrate candidates in the present and our previous studies, are all cytosolic enzyme proteins. Although TG might contribute the regulation of these enzymatic activities by post-translational modification, the physiological significance of these cytosolic enzymes modified post-translationally by TG is unknown at present. Overbye et al. reported that 39 proteins significantly enriched (by 2Â or more) in autophagosomal membranes prepared from rat hepatocytes treated with vinblastine, an microtubule-disrupting drug that blocks the fusion of hepatocellular autophagosomes with lysosomes, were identified in proteomic analysis. 34) It is interesting that the TG protein substrate candidates (AI, FBPase, BHMT, GAPDH, and GST) identified in our studies, present and previous, are all found in the 39 proteins enriched in the autophagosomal membranes. Moreover, BHMT fragments (p32 and p35) have been found to accumulate in mitochondrial-lysosomal subcellular fractions and autolysosomes from rat hepatocytes treated with leupeptin, an inhibitor of intralysosomal protein degradation. 35, 36) These observations and reports suggest that TG is involved in the formation of autophagosome and/ or autolysosome.
In conclusion, AI and FBPase were identified as new protein substrate candidates of TG in rat liver extract. Further experiments to determine the effects of TG modification on the catalytic functions of AI and FBPase are underway.
